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SYNOPSIS 

The pearlite growth rates for Fe-C-X alloys containing 
Mn, Cr, Ni and Si have been calculated on the basis of the 
theories evolved for the growth of pearlite in ternary systems. 
For this purpose , the phase equilibria have been calculated 
using the thermodynamic parameters available in literature. 

The calculated growth rates under para-equilibrium, local - 
equilibrium no-partition and partitioning conditions have been 
compared with the experimentally observed results. 

In the low super saturation range , the agreement between 
the calculated, alloying element, phase boundary diffusion 
controlled growth rates and experimentally measured values 
is good. In the high supersaturation range, at temperatures 
below L-E N-P Ae^, the experimental growth rates agree 
reasonably well with the local-eqviilibrium no-partition 
mechanism, which at still lower temperatures tend to shift 
towards the para -equilibrium mechanism. 

The relative effect of these alloying elements on the 
pearlite growth (retardation of the growth rates) in the 
increasing order is Ni, Si, Mn and Cr. 
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IMmODUGTIQN 

A large proportion of the steels used for machine 
parts can be classified as medium carbon, low alloy harden- 
ability steels. The most significant parameter in defining 
the hardenability of steels is the critical cooling rate. To 
obtain 100?S martensite a steel must be cooled at a rate 
faster than the critical cooling rate. At lower cooling rates, 
austenite decomposes into stable ferrite and pearlite, pear- 
lite being the eutectoid product of austenite decomposition. 
Therefore, the kinetics of austenite decomposition is very 
important in determining the hardenability of the steels. 

Understanding the mechanism through which alloying 
elements influence the kinetics of the decomposition of auste- 
nite is an important problem. All the common alloying elements 
(cobalt is an exception) retard the pearlite growth rate thus 
improve the hardenability of the steels. The effect of 
alloying elements in reducing the pearlite growth rate is not 
too well understood. There is, however, some consensus that 
for pearlite growth in Pe-C-X systems, two regions of diff- 
erent retardation mechanisms exist. At low supersaturations, 
the alloying element must partition between the ferrite and 
cementite phases and the growth is controlled by the diffusion 
of the alloying element through the phase boundary. At high 
super saturations, however, the alloying element does not 
partition and the reaction is controlled, by carbon diffusion 
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and the thermodynamic effect of the alloying element on the 
effective driving force for the diffusion of carbon. The 
relative importance of these mechanisms will vary with the 
alloying element and its concentration. 

The no-partition reaction at high super saturations 
can take place by two mechanisms, viz, local -equilibrium 
no-partition and para-equilibrium. In local-equilibrium 
no-partition reaction, ferrite and ceraentite of substantially 
the same alloying composition as the original austenite phase 
form, while still maintaining complete chemical equilibrium 
a.t the interface. In para-equilibrium the slow diffusing 
substitutional alloying element is unable to redistribute and 
thus the transformation proceeds under pure carbon diffusion 
control, precipitating the ferrite and cementite of same 
alloying element content as the austenite. 

Evidence to the fact that these two mechanisms are 
involved in the growth of pearlite in Ee-C-X systems is 
available in literature . Experimental observations have been 
carried out on the pearlite growth in various Ee-C-X systems 
and partitioning of the alloying elements have been noticed. 
The present work was undertaken to determine the applica- 
bility of the established theories of pearlite growth in 
the Ee-C-X systems, containing manganese, chromium, nickle 
and silicon as alloy additions. Detailed and accurate 
thermodynamic and kinetic calculations were perf oimed for 
these systems to verify the existing theories. 
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CJIAPTBR II 
LITERATURE HBVIBW 

II. 1 Pearlite reaction in Ee-C system 

The tinary Ee-C system has long been the subject of 
intensive study (1-3). In the eutectoid (or pearlite) reac- 
tion the high temperature austenite phase transforms to a 
lamellar structure consisting of parallel lamellae of ferrite 
and cementite (Ee^C). It is a first order transformation and 
occurs by nucleation and growth. As in almost all other 
cases, nucleation occurs heterogeneously and not homogeneously. 
If the austenite is homogeneous, nucleation occurs almost 
exclusively at grain boundaries, otherwise it can occur 
heterogeneously as well as homogeneously (4). Mehl (5) has 
suggested that pearlite develops by nucleation of cementite, 
however, Hillert (6) and Sharma and Purdy (7) have recently 
suggested that pearlite grows by the nucleation of ferrite. 

Eor plain carbon and simple alloy steels the radial 
growth velocity of a pearlite colony is often constant for a 
given temperature of transformation, although the isothermal 
nucleation rate of new colonies increases rapidly with time. 
At high rates of nucleation all the available sites for 
nucleation may be used up early in the reaction. This kinetic 
behaviour is called site saturation, and once it has occurred 
the reaction is entirely controlled by growth. If site 
saturation occurs early in reaction, which is true for the 
transformation temperatures in the vicinity of the nose of 
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the TTT diagram, then transformation will be complete in the 
time required for pearlite to grow to the centres of austenite 
grains. All alloy additions which improve hardenability by 
reducing the overall reaction rate do so primarily by influ- 
encing the pearlite growth rate instead of nucleation rate, 
this is particularly true for transformation temperatures up 
to I000C above the nose of the TTT diagram (48). The nucle- 
ation problem will not be discussed further in the present work. 
In a binary or a ternary system the diffusional 
analysis of pearlite growth is complicated by the fact that 
there exist two possible diffusion paths for the redistribu- 
tion of the solute (s) to the product phases. In Pe-C system, 
carbon has the options of moving by volume diffusion through 
the bulk austenite or by boundary diffusion along the 
austenite/ferrite and austenite/cementite interfaces. An 
elementary theory of pearlite growth was first proposed by 
Zener (8). Zener described the problem of pearlite growth 
by volume diffusion of carbon, this problem has been rigor- 
ously treated by subsequent workers (II-I4). Following the 
disparity in the theoretical and experimental results, a 
number of workers have investigated the problem on the basis 
of the boundary diffusion of carbon and other mechanisms 
(9, 10,15, IB), Recently, Puls and Kirkaldy (I7) have consi- 
dered the variation in the carbon volume diffusion coeffi- 
cient in austenite with concentration of carbon and have 
shown that the volume diffusion model satisfactorily describes 
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the pearlite growth data in Pe-C at higher temperatures. 
However, partial involvement of boundary diffusion of carbon 
at lower temperatures (< 550oC) is also possible. 

In the following sections the volume and boundary 
diffusion models of pearlite growth are briefly discussed. 

II. 1. a Volume Diffusion Model 

Higure (2) shows the Pe-C phase diagram, the dashed 
line defines the region where pearlite reaction can take place. 
Figure (l ) shows schematically the pearlite/austenite inter- 
face, local equilibrium is assumed to exist across this 
interface. Pearlite grows by cooperative precipitation of 
lamellae, in such a case there exists a situation, at the 
junction of the two lamellae, where three phases must exist 
in local -equilibrium below the eutectoid temperature. This 
is achieved through the modification of phase diagram due to 
the capillarity. In this way the concentration across the 
junction can vary smoothly in the parent phase. To accommo- 
date the equilibrium of the surface tension forces, at the 
three phase junction, the curvature of the interface' is 
essential. The local radius of curvature generates a 
pressure which is assumed to act mainly on the product 
phases. This leads to a variation of composition along the 
interface, which is everywhere in local -equilibrium, 

■ Zener (8) had suggested a simple theory accommodating 
all these considerations. Assuming austenite/ferrite and 
austenite/cementite interfaces to be flat, the concentration 




6 


difference -which provide the driving force for diffusion 
would be - G , where 0^*^ and are the equi- 

librium concentration according to the phase diagram for 
austenite in contact -with ferrite and ceraentite, respectively. 

According to Zener the capillary modified difference can be 

S 

approximately represented by (1 - where S 

is the interlaraellar spacing and is the critical inter- 
lamellar spacing. is a function of temperature only. At 
the critical interlaraellar spacing no concentration difference 
exists, the thermodynamic driving force for the pearlite 
reaction is exactly balanced by the interfacial energy stored 
in the ferrite/ceraentite interfaces and the pearlite growth 
velocity necessarily goes to zero. 

Further, Zener supposed that effective distance for 
diffusion up to the edge of a ceraentite lamella is propor- 
tional to its thickness, so the flux 
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(II. 1) 


or from mass balance 


J = - V (Gg^ - G «) (II. 2) 

where, v is the pearlite growth rate, is the volume 
diffusion coefficient of carbon in austenite and G^™ and Gg 
are the concentrations of the ceraentite and the ferrite, 
respectively. From the lever rule 
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So a combination of equations (11,1), 
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(II. 2) ard (II. 3) yields 
S 

- (II.4) 


Brandt (12) and Scheil (13) were the first to construct a 
comprehensive volume diffusion model for the pearlite trans- 
formation, A more rigorous calculation has been performed 
by Hillert (H). Bol25e et al. (11) generalised Hillert's 
volume diffusion model to take into account the non-unifor- 
mity of concentration in the product phases, which results 
from a variation of curvature along the pearlite/austenite 
interface. The Bolze et al. and Hillert treatments are not 
discussed here. 


II.1*b Boundary Diffusion Model 

The boundary diffusion model for lamellar growth was 
first applied to the problem of discontinuous precipitation 
by Turnbull (9) a-ni by Ghan (10). Various attempts to 
determine boundary diffusion controlled eutectoid reaction 
have since been made. The carbon is assumed to diffuse 
through a pearlite/austenite interface of thickness 6 and 
diffusion coefficient To a first approximation the 

growth equation for pearlite can be obtained from the volume 
diffusion model by substituting a boundary diffusion 
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coefficient, for the volu^me diffusion coefficient, Dq , 
and decreasing the "window" for volume diffusion 1/S by the 
ratio 6/S. This leads to 


V a 


136 


(1 



(II. 5) 


A more detailed solution for the boundary diffusion 
model has been obtained by Hillert (14) and by Shapiro and 
Kirkaldy (15). Considering the mass balance in a thin strip 
of material parallel to the f er rite/cement it e interface 
(Figure 1) , Hillert obtained the following velocity equation 
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12 K I36 
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(II. 6) 


Shapiro and Kirkaldy, following a more rigorous but less 
general argument obtained for a symmetric eutectoid 
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24 <5 D3 


1/2 


pYcm^ 


a 




where 


(II. 7) 


D3 = 2 q V L (II. 8) 

q and a are equilibrium thermodynamic parameters obtained 
from the free energy-composition diagram, ¥ is the molar 
volume and L is the Onsager phenomenological coefficient 
(mobility) for boundary diffusion. Lack of the knowledge of 
the D3 restricts the quantitative measurement of this model. 
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II.1.C Comparison between Theory ard. Experiments 

Early comparison between the experimental pearlite 
growth rates in le-C alloys and the volume diffusion theory 
were unsuccessful. Eollowing this, some of the investigators 
suggested that major proportion of carbon diffusion takes 
place through the boundary layer separating the pearlite and 
the austenite. However, Brown and Ridley (19), assuming 
volume diffusion control, back -calculated the effective carbon 
diffusivity in austenite from the pearlite growth data and 
found Dq' values only 2 to 4 times higher than the experimental 
diffusion coefficients. They also found that for small under- 
coolings the effective almost remains constant with decre- 
asing temperature, Kirkaldy and Puls (I 7 , 18) attributed 
this to the fact that the diffusion coefficient of carbon in 
austenite is stron^y concentration dependent. Puls and 
Kirkaldy recalculated the pearlite growth rate using Hillert's 
volume diffusion model, taking into account the variation in 
Pq with concentration, and found that this model agrees with 
the experimental results within a factor of 2, At temperatures 
lower than about 550°G , the partial involvement of boundary 
diffusion is also possible, 

11,2 Pearlite reaction in Pe-C-X system 

The effect of alloying elements during the austenite 
decomposition reactions has been theoretically and experi- 
mentally investigated by many workers. In Pe-G-X system, 
where X is a substitutional alloying element , carbon diffuses 
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much faster than alloying elements. In such a case the 
volume diffusion controlled austenite decomposition to pear- 
lite can take place in two ways. In the first case, the 
alloying element is partitioned between the product phases 
(ferrite and cementite). Such a reaction is called parti- 
tioning reaction. In this case the reaction rate is slowed 
down considerably due to the relatively slow diffusion of the 
alloying element. In the second case, the alloying element 
undergoes no long range diffusion and the ratio of the alloyrng 
element to iron remains the same in both the product phases as 
in the parent phase. The reaction in this case is controlled 
by carbon diffusion. An alloying element affects the reac- 
tion kinetics only through its thermodynamic influence on 
the driving force for the reaction. Such a reaction is 
called no-partition reaction. In general, the partitioning 
reaction must take place at low super saturations while the 
no-partitioning reaction can take place at high supersatura- 
tions . The actual temperature of partition - no-partition 
transition - if it exists, would depend on the alloy system 
and composition. 

Partitioning during the pro-eutectoid ferrite forma- 
tion has been widely reported in the literature. Experimen- 
tally, the study of partitioning during the pearlite reaction 
is much more difficult. Nonetheless, quite a few attempts 
have been made to study partitioning during the pearlite 
reaction. Bowman (20 ) observed partitioning of molybdenum 
between ferrite and cementite in the pearlite formed in 
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Fe-C-Mo alloys down to 600°C. Picklesiraer et al. (21) 
observed that the manganese partitions between ferrite and 
cementite during the pearlite reaction in Pe-C-Mn alloys at 
low supersaturations but not at high supersaturations. They 
were unable to determine the partition-no-partition transition 
temperature accurately. Recently, Razik et al. (22,23) have 
studied the partitioning of manganese and chromium. In both 
the cases they observed partitioning at low super saturations 
and nonr-partitioning at high super saturations. Similar 
studies for chromium have been carried out by Chance and 
Ridley (47). These appear to be the most reliable results 
reported so far in this context. 

For the temperature and composition range of interest 
with respect to pearlite growth, the general features of a 
ternary isotherm corresponding to a particular Pe-C-X system 
are dependent on whether X is a ferrite or an austenite 
stabiliser and whether it is a carbide former or not. The 
various possibilities can be conveniently grouped in two 
categories which depend on whether X depresses (e.g. Mn and 
Ni) or raises (e.g. Or and Si) the eutectoid temperature (17). 

The partitioning and no -partitioning regions of the 
Pe-C-X phase diagram are briefly discussed in the following 
sections. 

II, 2, a Para-Squilibrium 

One way in which a no-partition reaction can take 
place is para-equilibrium. In this case there is no 
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partitioning of alloying element X, and the growth rate is 
controlled by diffusion of carbon. Hillert ( 24 ) and Rudberg 
(25) have discussed the position of the para-equilibrium 
phase boundaries in ternary Pe-C-X alloy systems. Hillert 
(14) has shown that the para-equilibrium phase boundaries 
can be calculated from a knowledge of the free energy surfaces. 
A true para- equilibrium tie-line must satisfy the criterion 
that the chemical potential of the fast diffusing element 
(carbon) must be the same in both the phases (austenite and 
ferrite or cementite). While the ratio of the alloying 
element to iron remains constant in both the phases (^Ap@ = 
X^^/Xp™ = X^/X^^). The para-equilibrium phase boundaries must 
lie within the thermodynamically stable two phase field, 
G-ilmour et al, ( 26 ) and Sharma and Kirkaldy (27) and Sharma 
et al. ( 28 ) have calculated such par a -equilibrium phase 
boundaries for Pe-C-Mn, Pe-C-Ni and Pe-C-Cr systems from basic 
thermodynamic data. A schematic representation of such 
boundaries is shown in Pigure ( 3 ). 

II. 2 . b Local -Equilibrium No-Partition 

Another way in which no-partition reaction can take 
place is called the local-equilibrium no-partition condition. 
This has been described by Kirkaldy (29), Hillert ( 14 ), 

Coates (30,31) and others. Under this condition the preci- 
pitating phase, during a diffusion controlled austenite 
decomposition in Pe-C-X system, may have substantially the 
same alloying element composition and still maintain a 
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complete local-equilibrium at the interface, Kirkaldy (29) 
and Purdy (32) established, after finding solutions for the 
transformation assuming local-equilibrium at the interface 
and extending these to the Pe-C— Mn system, that at low super- 
saturations these solutions predict manganese partition and 
low growth rates due to manganese diffusion control, while at 
higher supersaturations the manganese need not partition and 
the transformation would be controlled by carbon diffusion. 

The position of this local -equilibrium partition-no-partition 
boundary in the ternary Pe-C-X phase diagram has been further 
considered by Hiller t (H), Coates (30,3'1) and others. The 
construction of such boundary is schematically shown in Pigure 

(4). The intersection of the carbon component 3:ay ( ^ — = 

Pe 

Constant line) from the ferrite or ceraentire end of a tie- 
line in the stable a + y or y + om two phase field and the 
extrapolation of the carbon iso-actirity line in austenite 
from austenite end of the tie-line define a point on the 
partitionr-no-partition boundary. The locus of such points 
divides the two phase (a + y or y + cm) region into parti- 
tion and no-partition regions. 

In the high supersaturation region the two no- 
partition conditions described above could exist. At high 
supersaturations, at early stages of reaction or high reaction 
rates, para-equilibrium mechanism appears to be operating 
which at later stages of the transformation may change to 
local-equilibrium mechanism. Pigure (5) (after Gilmour) 
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schematically shows the possible regions in a Pe-C-X isotherm 
and the mechanisms which may be in operation. 

II. 2. c Partitioning during the Pearlite Reaction 

In the preceding section of this chapter the para- 
equilibrium and local-equilibrium no-partition boundaries 
for the precipitation of ferrite and cementite have been 
discussed, Pigure (6) schematically shows the general regions 
of partition, no-partition reactions in the Pe-C-Cr system 
in the range where the pearlite reaction is feasible. The 
theory discussed here is applicable to other systems also. 

The para-equilibrium or local-equilibrium no-partition eutec- 
toid point on such a diagram can easily be defined, as shown 
in the Pigure (6). 

In region C of Pigure (6) partitioning of X is ther- 
modynamically required for the precipitation of ferrite as 
well as cementite, so the same is true for the reaction y = 
a + cm. In region A, ferrite and cementite can both preci- 
pitate without partitioning and hence the pearlite reaction 
can thermodynamically proceed without the partitioning of X. 

In the region B only one of the two phases (ferrite or cemen- 
tite) requires the partitioning of the alloying element. 

There are two possibilities in this case. Since the kinetics 
of the no-partition reaction is much faster than the parti- 
tioning reaction, the phase which requires no partitioning 
can precipitate first and grow until the matrix composition 
shifts into region A or C and then the pearlite reaction can 
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proceed accordingly. The other possibility is that the capi- 
llarity effects during the pearlite reaction modify the phase 
diagram in such a way that the alloy falls in region A or C 
and the pearlite reaction again takes place accordingly. In 
either case a carbon component ray = Constant) passing 

through the no-partition eutectoid point would divide the 
pearlite reaction region into regions where partitioning is 
required and where no partitioning is thermodynamically 
feasible. Since, generally, in practice no primary ferrite or 
cementite is observed in alloys in the B region, the second 
possibility seems to be operative. 
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EFFECT OF AII.QYIMG SLEMSICTS ON PBARLITE ©iOWH 


111.1 Introduction 

A detailed calculations were carried out for the 
pearlite growth rate indifferent Fe-G-X systems, based on the 
theory discussed in the previous chapter. Four alloying 
elements Mn, Gr, Ni and Si have been considered. The results 
of such theoretical calculations were compared with the avail- 
able experimental results to verify the validity of the exis- 
ting pearlite growth theories. 

Equilibria involving austenite, ferrite and cementite 
in Fe-G system have been analysed by Harvig (33). A compre- 
hensive study of the Fe-C-X systans , involving Cr, Mn, Ni and 
Si as alloy additions has been done by TJrhenius (34-). The 
phase boundaries /Under the conditions of complete equilibrium, 
para- equilibrium and local -equilibrium no-partition relevant 
for the pearlite growth calculations, are calculated by using 
the thermodynamic data given by Urhenius (34) and briefly 
described below, 

111. 2 Phase equilibria calculations 
III. 2, a Solution Models 

(i) The Ferrite and Austenite Phases ; For the ferrite and 
the austenite, the solutions containing substitutional as well 
as interstitial solute, a simplified version of the model 
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suggested by HaLllert and Staffansson (35) has been adopted. 

This assumes a four component solution •with substitutional 

mixing of iron and alloying element on a cubic lattice and 

carbon and vacancies mixing on the corresponding interstitial 

sublattice. 5'or such a model the molar ratios Y. are defined 

1 

as 


X 


Pe 


"i'e 


1 - X. 


M 


M 


1 - X 


G 




X„ 

a C 


c * 1 - X, 


C 
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(111. 3) 


subject to mass conservation condition 


ard ^ (HI -5) 

where, M and C stand for substitutional alloying element and 
carbon, respectively. X^ represents the mole fractions of 
the elements involved. In equation (III. 3), “ is the number 

d 

of interstitial sites per lattice site, for austenite c =a = 

1 and for ferrite a = 1 and c = 3. Irom the expression for 
the Gibbs energy as given by Hillert and Staffansson (35) 
the following partial quantities are obtained 

Spe = -net in + I BI in (1 - (III.6) 

®M = + Hr 1“ + I + \ 


(III .7) 
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where, G^ stands for partial molar free energy, T is temper- 
ature in degrees Kelvin, ‘^G. is standard free energy and 

E 

G^ represents excess free energy of mixing. The excess free 
energies a,re given as follows 
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where , and L's are the solution model parameters. 

fii) The Gementite Phase ; The G-ihhs energy of ceraentite 
is described by a thermodynamic model originally developed by 
Richardson (36) and by Hillert et al. (37) for carbides. The 
carbide formula M^G is written as because all the 

thermodynamic quantities in the following equations are 
referred to one mole of metal atoms. The ternary cementite 
(FeM)C^^^ is considered as a solid solution of ReC^^^ and 

where Re and M randomly mix on the metal sublattice aixi 
the carbon sublattice is fixed. Under these conditions the 
free energy of mixing of (ReM)C^y^ can be written as 

The following equations express the partial Gibbs energy of 
the cementite 


?cm OpCm ^ -om iv> v®’^ a. 

"ReC, = ^ReC. /. + ™ ^Re + ’ 


J- PT In A®® /yCmNS 

\ 'S’eM^^Re^ 


where molar concentrations Y. are given by 


ycm 

Y°“i _ M 

+^Re 


(III. 13) 
(III.U) 

(III. 15) 




vcn 


+ X 


cm 

Re 


(III. 16) 
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The parameter represents the interaction between iron 

ard. the alloying element in the ceraentite and ard 

T-eC^/ 

r> CtVd * 

are standard free energies of formation. 

III,2,b Calculations for the Phase Equilibria 

(i) True Equilibrium ; The phase equilibrium between 
ferrite and austenite is obtained by equating the partial 
molar free energies of each component in the two phases, i.e., 

(i=Pe, C,M) (III.l7a,b,c) 


Substituting equations (III. 6), (III, 7) and (111,8) into 
(II I, 17) we obtain 



-4 
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exp 
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RT 


% - 


o.Y 
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(III. 1 8a) 


(III. 1 3b) 


(III. 1 8c) 


These are equations involving four independent 
concentration terras. By fixing temperature .and the value of 
one concentration terra, equations (111.18) can be solved for 
other three concentrations, thus define a single tie-line 
in the a + Y field. 
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The aus t enite -cement it e equilibrium is givan by 




MG 


1/3 


+ 


1 ttY 
3 % = 


G. 


MG 


1/3 


(III.l 9 a,b) 


where M stands for iron and the alloying element. Substi- 
tuting equations (III.13) and (III.H) into equations (III.I 9 ) 
and rearranging 
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(III. 20 a) 
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(III. 20b) 


In this case there are only two equations inwolring 
three independent concentrations; two for the austenite phase 
and only one for cementite, since the carbon concentration in 
cementite is fixed. By fixing one concentration the other 
two can be solved by computer iterations. 


(ii) P ar a-B q uilibrium : The thermodynamic conditions 

defining para- equilibrium for austenite to ferrite transfor- 
mation, as discussed in the earlier chapter, are given by 
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(111. 22) 
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Pe 
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a 
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XL 

-J!.a 
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X. 


Pa 




= Constant 


(III. 23) 


By substituting the partial molar quantities in the above 
equations, we get 

- Yp“) 


T“(l - Yj) 
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(1 - yg)^ 
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(III. 24a) 
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and 


Pe 




Pe 


= Constant 


(111.24c) 


Equations (111,24) are solved for a number of given 


M 

^Pe 


ratios to give the para- equilibrium two phase field, cc + y ? 

/ 

for a given temperature by computer iterations. 

Por austenite to ceraentite transformation the thermo- 
dynamic conditions defining the para-equilibrium are 


V qY , y ^ + 1 ^ 
^Pe ^Pe ^ 3 ^G 


or more precisely, 


^Pe ^Pe + 3 ^ 
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(PeM)C^/5 
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(III. 25) 


(III. 26) 
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Substituting partial molar quantities in the above equations, 
we get, 


_ y /y ^OpCm 
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(III. 27a) 


(III.2Yb) 


Equation (111,27a) solved for for a series of given values 
of Ypg/Yj^ generates a par a -equilibrium y/(y + ^m) phase 
boundary. 


(iii) Local “Equilibrium No-Partition ; The local-equilibrium 
no-partition boundary is calculated from the intersection of 
the iso-activity line of carbon in austenite from the aus- 
tenite end of the tie-line and the carbon component ray 
( 7 —^ = Constant) from the ferrite or cementite end of the 
tie-line, as shown in Eigure (4). The local- equilibrium no- 
partition boundary conditions can be written as follows 


(1 - yp) 
xj (1 - jf‘) 


exp 


RT 


(V - V) 


(III. 28a) 


and 
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for a - Y equilibrium 


(III. 28b) 


for Y *" equilibrium 




(111.28c) 


tion boundary concentrations and T^, Y “ , Y^, yJ and yJ are 
the equilibrium tie-line concentrations in the ( a + y) field. 
Once the equilibrium tie-lines are known, equations (III.28) 
can be readily solved for the local- equilibrium no-partition 
boundary. 

For all the above calculations the value of the 
thermodynaciJ.c parameters have been taken from the references 


(33), (34), (38) and (39). These values are tabulated in 
Appendix (I) , The computer progi'ammes for the calculation of 
ferrite-austenite and austenite-cementite are given in 
Appendices (II) and (III), respectively. 


III. 3 Pearlite growth rate calculations 

III. 3. a Low Supersaturration Partition Range; 

As discussed in the previous chapter, in the temper- 
ature range where the partitioning of the alloying element 
takes place, the pearlite ^owth rate is controlled by the 
diffusion of alloying element through the pearlite/austenite 
interface. The pearlite growth velocity in this case is 
given by equation (III.6), i.e. 
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C.2 (Cf^ - 1 S 

T = 12 K Dg 6 ^ . \(1 - (111.29) 

±s gagcra ^ S 

M 

gCTU gOC 

Taking -g— = g and ~ = g , and S = 2S^ (43) equation (III ,29) 
becomes 


Y 


54 K 6 ( 


^ Ycm 
M ~ ' 



(III. 30) 


where, Cj^ is the concentration of alloying element in the' 
alloy in weight percent. All other terms have been defined 
earlier. The value of K 1)^6 was calculated using the equa- 
tion developed by Pridberg et al. (44), viz. 

K 61^ = 5.4 X 1#“^ exp( - - cm^/sec <III.3l) 

Equations (III, 30) and (III, 31) were used to calculate the 
growth rate at low super saturations. 

Assuming a uniform carbon activity in austenite in 
front on the pear lit e-austenite interface, the driving force 
for the alloying element boundary diffusion-controlled growth 
can be calculated. The calculations for the driving force, 
for the diffusion of alloying through the austenite/pearlite 
interface, for different systems are briefly discussed below. 

Ee-C-Mn and Fe-C-Cr Systems ; Assuming local equilibrium at 
the interface and a steady state pearlite growth, the 
interface composition for a flat interface condition and 
consistent with the theory discussed in the Section 11,2. c 
can be obtained by the construction shown in Figure (7). 
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In Figure (7), which shows, schematically, the phase bound- 
aries for Fe-O-Mn or Fe-G-Gr systems, point 0 is the original 
d-lluy composition, points a and d denote the compositions 
in ferrite and cementite, respectively. Lines ab and cd are 
the tie-lines describing the feri'it e-austenite and :aust emit e- 
cementite interface compositions, respectively, a:^ the line 

f 

going through b and c is the carbon iso-activil^ line ahead 
of the pearlite/austenite interface. The carbon iso-activity 
line, in general, may not go through point 0. The difference 
is accommodated by capillarity effect. The driving force for 
the boundary diffusion will then be proportional to - 

pYcm 

For calculating these concentrations, the thermo- 
dynamic equations defining the true equilibrium condition for 
ferrite -austenite equilibrium are solved for a given value of 
Y^. Since line aod is a straight line and Y^^ and Y^^ are 
known, Y^" can be calculated. For this value of Yj^ the tie- 
line describing the austenite-ceraenbite phase boundary concen- 
trations is calculated. Now for the calculated values of the 

concentrations, the partial molar free energy of carbon in 
— Y 

austenite (G^ ) is calculated for the austenite in equilibrium 
with ferrite and cementite. Since the activity of carbon, 
ahead of the pearlite/austenite interface, in austenite must 
be uniform, the two values of must be equal. With the 
help of the computer iterations the unique partitioning 
condition at a given temperature can be calculated. A computer 
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programme for determining such a cordition is given in 
Appendix (IV). 


Pe-C-M System : In the case of Pe-C-Ni, steady state pear- 

lite groxrth in the partitioning region is not f e^^ble accor- 
ding to the growth model discussed above, bec^ segregates 

into the austenite with respect to both the^ j'nte aid the 
cement it e phases, figure (8) shows the equdj^^iui^ phase 
boundaries for Pe-C-Ni system. Ni is an austenite stabiliser, 
hhei’efore, the tie-lines in the a -f y Y + phase 

fields have different (opposite-) slopes. The construction 
similar to figure (7) is not possible in the case of Ni, The 
growth of pearlite in Pe-G-Ni system, therefore, takes place 
only by para- equilibrium and/or local- equilibrium no-partition 
mechanisms. 


Pe-C-Si System : The partitioning concentrations for the 

Pe-C-Si steel are calculated assuming zero solubility of 
silicon in cementite. Silicon being a ferrite stabiliser goes 
completely into the ferrite. Therefore, pearlite, in this 
system, grows by partitioning of the alloying element at all 
temperatures. The equilibrium concentrations for the 
ferrite-austenite equilibrium are calculated in a way similar 
to that for Pe-C-Cr and Pe-C-Mn systems. Pigunre (9) shows, ; 
schematically, the equilibrium phase boundaries for Pe-C-Si. 
Since all the silicon goes to ferrite in this case and 
and Yq™ are known, point c (figure (9) ) representing the 
concentration of silicoii in austenite in equilibrium with 
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ceraentite, i.e,, can be calculated using the following 
mass balance condition 



Si 


rCm 



(III. 32) 


CC ClTl 

where, V and V represent the volume fractions of ferrite 
and cenentite and Yg^ stands for the concentration of silicon 
in the original alloy. Since is equal to zero, Y^^^ can 
be calculated as 


Y^. 

= "^ (111.33) 

Por this value of Y^^ the austenite cementite phase boundary 
is calculated. Now assuming a uniform carbon activity in 
austenite ahead of the austenite/pearlite interface, point c 
can be determined from the intersection of the carbon iso- 
activity line, drawn from the austenite end of the tie-line 
defining ferrite-ceraentite equilibrium, and the phase boundary 
defining austenite and the (austenite + cementite) equili- 
brium. The driving force for silicon for the phase boundary 
diffusion controlled reaction would then be given by 

”* Computer programme for the determination of the 

partitioning condition for Pe-4-Si is given in Appendix (V) . 

III.3.b High Supersaturation Region: 

In the high super saturation region pearlite growth 
may occur either by para-equilibrium or by local-equilibrium 
no-partition mechanism. The reaction in these cases is 
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controlled ty the diffusion of carbon through the bulk aus- 
tenite. Por binary Pe-O system, pearlite growth rate based 
Oil the theory developed by Hillert (14,40) is given by 

V = K ^ cTTi/sec (III. 34) 

where, and 0^ are expressed in weight percent and the 
units of Dq is cm /sec. Hillert (14) evaluated the value of 
constant K and found eaual to 1.2?. With this value of K the 
ca].culated growth rates of pearlite, in le-C , were different 
than the experimental growth rates. In the case of Pe-C-X, 
the growth of pearlite under para- equilibrium and local- 
equilibrium no-partition conditions occur in a pseudo-binary 
manner similar to that in the Pe-C system with the modified 
phase boundaries. Since the relative effects of alloying 
elements are of interest in the present work, the value of 
constant K was recalculated so that the theoretically calcu- 
lated growth rates match well with the experimental values. 

The value of the constant K was calculated using the experi- 
mental growth rate data given by Brown and Ridley (19) for 
0.81% C alloy. 

The empirical co-relation for the diffusion coeffi- 
cient of carbon in austenite given by Kaufraann et al. (41) 
has been used in the present work. The diffusivity is given 
by the following expression 

Bq = exp (- ^) cmVsec (III . 35a) 
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where 

Dq = 0.5 exp(- 30 X^) cm^sec (III. 35b) 

and 

Q = 160,250 - 7.95 x 10^ (X^) 

+ 2.3 X 10^ (Xq)^ j/mole (III. 35c) 

where, X^ is the carbon concentration in atom fi*action. The 
average value of X^ was obtained by extrapolating the data 
of Wells et al, (42) to the average carbon content of the 
interface, which was calculated as 


X. 


= CY« . v“ + . Y 


cm 


C 


( 111 . 36 ) 


, ,-q: , TrCra 

where, V and V represent the volume fraction of ferrite 

and cenentite, respectively. The calculated values of 
Y cm 

and 0^ were used. The value of the constant, K, obtained 
was 2.61. The equation used, for the calculation of pearlite 
growth rate in le-C-X systems, in the present work is 


V 


2.61 


Dp 





(III. 37) 


Thus the possible error in the calculated growth rates of pear- 
lite in the Pe-O-X system has been minimised by using the 
calculated value of K. The calculated and experimental growth 
rates for 0.8l% carbon steel are shown in Figure (10). 


CHAPTER IV 


RESULTS AND DISCUSSION 


The results of the calculated pearlite growth rates 
under para -equilibrium, local -equilibrium no-partition and 
partitioning conditions are presented in the present chapter. 
These theoretically obtained growth rates are canpared with 
the experimentally determined growth rates available in 
literature . 

IV. 1 Fe-C-Mn 

Two steels containing 0.8% C - 1.08% Mn and 0.69% C - 
1.8% Mn have been studied. The calculated para-equilibrixam 
and local-equilibrium no-partition phase boundaries for 
these alloys are shown in Figure (11) and Figure (12), respec- 
tively. The pearlite growth rates under these conditions 

y oc 

have been calculated from equation (III. 37) using (C^ - 

cj^) values from Figures (11) and (12) and experimentally 
(45) determined S values. The calculated effective driving 
force for the partitioning reaction, at low supersaturations 
is plotted in Figure (13) for both the alloys. The growth 
rate calculated under partitioning condition using the s 
values determined by Ridley et al. (45) fron equation (III. 30) 
is plotted in Figures (14) and (15), respectively, along 
with the experimentally observed (22,45) para-equilibrium 
and local-equilibrixim no-partition growth rates. ", 
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The partitioning of manganese between the ferrite 
and the cementite phases has been calculated from the equa- 
tion given by Razik et al. (23) 


K™{M) 




(IV. 1) 


where ^ Cj^ and are the weight fractions of the alloying 
element and iron, respectively. The calculated and experi- 
mentally detemined partitioning coefficients are shown in 
Figure (16) as a function of temperature. 

The calculated Ae^ temperatxares for the alloys 
containing 1.08% Mn. and 1.8% Mn are 985 K and 971 K, respec- 
tively, which are fairly close to the apparent Ae^ temper- 
atures 978 K and 961 K, respectively, obtained from the T vs, 

^ plot. According to the theory of pearlite growth, discu- 
ssed earlier, no-partition reaction is expected to occur 
below local -equilibrium no-partition Ae^. The calculated 
no-partition temperatures for these alloys are 940 K and 
877 K, respectively, which agree reasonably well with the 
experimentally maeasured temperatures 944 K and 895 K, respec- 
tively (22). 

For both the alloys at high temperature and low 
supersaturations (between equilibrium Ae^ and L-E N-P Ae^) 
the growth rates calculated by partitioning mechanism are 
consistent with the experimental observations (22,45), 

Pereas, at low temperature high super saturation range (below 
L-E N-P Ae^) the calculated growth rates under local -equilibriurr. 
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no-partition condition are closer to the experimentally 
measured growth rates, at relatively higher temperatures 
and with the decrease in temperature the calculated values 
unaer para-equilibrium condition provides a better explana- 
tion. As shown in Figure (16), the calculated values of 
partition coefficient are consistently higher than the 
experimental values, for both the alloys. 

IV. 2 Fe-C-Cr 

Steels containing 0.82% C - 1.29% Cr and 2.73% C - 
1.87% Cr have been studied in the present work. The calcu- 
lated para-equilibrium and local -equilibrium no-partition 
phase boundaries are shown in Figures (17.) and (18), respec- 
tively. Figure (13) shows the calctilated driving force for 
the pearlite reaction at low supersaturations. The growth 
rates under these conditions are calculated in the same 
manner as described for Fe-C-Mn. The calculated growth 
rates under para-equilibrixam, local -equilibrium no-partition 
and partitioning conditions are plotted in Figures (19) and 
(20) for the 1.29% Cr and 1.87% Cr steels, respectively, 
along with the experimentally observed values. 

The calculated eutectoid temperatures for these 
steels are 1025 K and 1034 K, respectively, and the apparent 
Ae^ temperatures, obtained from the T vs, ^ plot, are 
1016 K arxi 1034 K, respectively. These values are close 
enough to suggest that the existing pearlite growth theories 
are correct* The calciilated no-partitioning temperatures 
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no-partition condition are closer to the experimentally 
measured growth rates, at relatively higher temperatures 
and with the decrease in temperature the calculated values 
under para— equilibrium condition provides a better explana- 
tion. As shown in Figure (16), the calculated values of 
partition coefficient are consistently higher than the 
experimental values, for both the alloys. 

IV. 2 Fe-C-Cr 

Steels containing 0.82% C - 1.29% Cr and 2.73% C - 
1.87% Cr have been studied in the present work. The calcu- 
lated para-equilibrium and local “equilibrium no-partition 
phase boundaries are shown in Figures (17,) and (18), respec- 
tively. Figure (13) shows the calculated driving force for 
the pearlite reaction at low supersaturations. The growth 
rates under these conditions are calculated in the same 
manr^r as described for Fe-C-Mn.. The calculated growth 
rates under para -equilibrium, local -equilibrium no-partition 
and partitioning conditions are plotted in Figures (19) and 
(20) for the 1.29% Cr and 1.87% Cr steels, respectively, 
along with the experimentally observed values. 

Tbe calculated eutectoid temperatures for these 
steels are 1025 K and 1034 K, respectively, and the apparent 
Ae^ tempera txires, obtained from the T vs. — plot, are 
1016 K and 1034 K, respecUvely. These values are close 
enough to suggest that the existing pearlite growth theories 
are correct. The calculated no-partitioning temperatures 
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for these alloys are 959 K and 934 K, respectively. The 
experimentally determined no-partition temperature for 1.29% 
Cr alloy is 964 K, experimental data for the other steel are 
not available in literature. 

For both the alloys the calculated growth rates 
under partitioning condition in the high temperature low 
super saturation range (between equilibritom Ae^ and L-E N^P 
Ae^) seem to agree reasonably well with the experimental 
observations (22,45). Whereas, at low temperatures (below 
L-E N^P Ae^) the local equilibrium no-partition mechanism 
fits well with the experimentally measvured growth rates. 

The para -equilibrium mechaniain showsless satisfactory agree- 
ment even at lower temperatures in this range (below L-E N;t-P 
Ae^). The drop in the experimentally observed growth rates 
at very low temperatures could be the result of strong 
carbide forming tendency of chromium, which imparts a kind 
of solute drag effect (14,49) on the pearlite growth. 

IV. 3 Fe-C-Ni 

The alloys containing 0.85% C - 1.98% Ni and 0.77% C 
- 3.0% Ni have been studied. The pearlite growth in this 
case is not feasible by the partitioning mechanism, as 
discussed in Section III. 3. a of Chapter III. The calculated 
para-equilibrium and local-eqxiilibrium no-partition phase 
boundaries for these alloys are shown in Figures (21) and 
(22), respectively. Pearlite growth rates under these condi- 
tions are calculated in a manner similar to that described 
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for Fe— C— Mn. The calculated growth rates are plotted against 
temperature in Figures (23) and (24), respectively, along 
with the experimentally observed values. 

The equilibrium Ae^ temperatures, calculated by 
Urhenius (34), for these alloys are 989 K and 980 K, respec- 
tively. Apparent Ae^ temperatures, obtained from the T vs. 

^ plot, are 953 K and 929 K, respectively, for the two alloys. 
The calculated local— equilibrium no— partition temperatures 
for 1.98% Ni and 3.0% Ni alloys are 949 K and 918 K, respec- 
tively, which are closer to the apparent Ae^ temperatures, 
obtained from the experimental observations, rather than to 
tho o<in 1 1 il>x.l<un . Tlxox'ofor^^ it opin he eonel that in 

the case of Fe-C-Ni local-equilibri\am no-partition Ae^^ acts 
as the effective eutectoid temperature below which pearlite 
reaction is feasible. 

For both the alloys the agreement between the calcu- 
lated growth rates under local-equilibrium no-partition 
condition and the experimentally observed growth rates is 
quite reasonable at all temperatures. 

IV. 4 Fe-C-Si 

The alloy containing 0.84% C - 1.99% Si has been 
studied. As discussed earlier (Section III. 3. a) the pearlite 
reaction in this case is accompanied by the partitioning of 
alloying element at all temperatures. Therefore, para- 
equilibrium and local-equilibrium no-partition controlled 
pearlite growths have no meaning in this case. The calculated 
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driving force for the phase boundary diffusion of silicon 
is shown in Figure (13). The calculated growth rates along 
wi.th the experimental values are plotted in Figure (25), 

The calculated and apparent Ae^ temperatures (obtained from 
T vs. ^ plot) for this alloy are 1062 K and 1038 K, respec- 
tively. At all temperatures the calculated and experimental 
pearlite growth rates are in reasonably good agreement. 
Calculated growth rates at lower temperatures (below about 
985 K) are below the experimentally observed values/ this 
may be attributed to the/ most likely/ involvement of the 
carbon diffusion which has not been considered in the present 
work for the calculation of the growth rate. 
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CHAPTER V 

CONCLUSIONS 

1. Tine pearlite growth rates under the para -equilibrium ^ 
local -equilibrium no-partition and partitioning condi- 
tions have been determined using the calculated driving 
force values and the experimentally measured inter- 
lamellar spacing values available in literature, 

2. The calculated pearlite growth velocity for the alloys 
containing Mn, Cr^ Ni and Si have been compared with 
the experimentally observed results/ determined by 
various investigators. The correlation between the 
calculated and the experimental results is very good, 

3. The results of the calculations carried out in this 
thesis corroborate the theory of pearlite growth 
proposed by Sharma et al, (28)/ Sharma (46)/ Ridley 
(45) and others. 
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